Introduction
Eukaryotic cells are defined by membrane-enclosed organelles that create specialized reaction compartments, surrounded by the cytoplasm. The various compartments need to communicate extensively with each other, and therefore molecules need to be exchanged frequently, reliably, and efficiently across membranes. Whereas organelles like the endoplasmic reticulum, mitochondria, and the Golgi complex communicate via different means, including channels, transporters, and vesicle trafficking, transport of molecules between nucleus and cytoplasm across the nuclear envelope occurs predominantly through the nuclear pore complex (NPC) (Figure 1 ).
NPCs are vast protein assemblies that are positioned in circular openings in the nuclear envelope, where inner and outer nuclear membranes (INM, ONM) are fused (Bilokapic and Schwartz, 2012a; Grossman et al., 2012; Hurt and Beck, 2015) . From a rough perspective, NPCs coat these highly curved fusion membranes and generate a stable protein scaffold embedded in the membrane. The stable scaffold is decorated on the nucleoplasmic side with eight extended filaments, which are co-joined in a distal ring and which form the nuclear basket. Another set of eight flexible filaments emanate into the cytoplasm. Finally, fiberlike extensions also protrude from the scaffold into a central opening, thereby forming the main permeability barrier. Because these fiber-like extensions generate a unique microenvironment with specific biochemical properties, the central opening can act as a gate for controlled import and export of macromolecules (Hü lsmann et al., 2012; Mohr et al., 2009 ). The NPC cannot select ions or metabolites, which diffuse freely between the nucleus and cytoplasm as do small macromolecules smaller than 5 nm or 40 kDa in size.
Over the past three decades, progress in understanding the structure and function of the NPC has been spectacular, and fundamental principles governing nucleo-cytoplasmic transport are coming together in a cohesive view of how this mega-structure enables communication that instructs gene expression, controls protein synthesis, and modulates other key cellular processes. In this Review, we seek to provide an up-to-date view of the NPC structure, with a focus on the complex problem of NPC flexibility, and give an outlook to the questions that will likely drive the field for years to come.
The Evolutionarily Conserved NPC Ultrastructure Comprises Three Stacked Rings
Due to their enormous size, assembled NPCs, embedded in the nuclear envelope, can be visualized by electron microscopy (EM). Cryo-electron tomographic (cryo-ET) reconstructions of human and Xenopus laevis NPCs show that the overall dimensions are nearly identical in both of these vertebrates Eibauer et al., 2015) . The reconstructed NPC core has a diameter of 110 nm and a height of 70 nm. An eightfold rotational symmetry is assumed, based on earlier scanning EM data. This assumption is central to increasing the resolution of the EM reconstructions by sub-tomogram averaging. The core structure, at the reported 2-3 nm resolution, appears as three porous ring densities, named, according to location, cytoplasmic, inner, and nucleoplasmic, respectively (CR, IR, NR) ( Figure 2 ). In interpreting this structure, one needs to be somewhat cautious because well-ordered regions are likely overrepresented due to extensive image processing.
Depending on the EM technique and the organism, additional features are observed. On the nucleoplasmic side, eight rodshaped extensions connect at a distal ring and form the nuclear basket (Allen et al., 2000) . On the cytoplasmic side, eight flexible extensions emanate from the CR. This basic structure appears to be generally conserved among all metazoans Fiserova et al., 2009; Neumann et al., 2010 ). An open question is how similar the NPCs of single-cell organisms are in size relative to those of vertebrates. Proteomic analysis suggests that the 50 MDa mass of the yeast NPC (Alber et al., 2007) is less than half that of the 112 MDa estimate for the vertebrate NPC (Reichelt et al., 1990) . The overall structure of the yeast NPC is not well resolved yet, and, depending on the technique, the height estimate ranges from 35 nm (Alber et al., 2007; Yang et al., 1998) to 70 nm (Rout et al., 2000) . Proteomic analysis of highly enriched NPC preparations revealed that the inventory of NPC components, called nucleoporins or Nups, is quite well conserved across all eukaryotic clades (Cronshaw et al., 2002; Degrasse and Devos, 2010; Rout et al., 2000; Tamura et al., 2010) . This points to NPCs being present in the last eukaryotic common ancestor 1.6-2.1 billion years ago, possibly even earlier (Devos et al., 2014; Koumandou et al., 2013; Mans et al., 2004) .
The NPC Is a Modular Assembly
The 30 nucleoporins (Figure 3 ) are organized in a small number of biochemically defined subcomplexes. The stability of these subcomplexes is often higher than that of the supramolecular assembly (Alber et al., 2007; Amlacher et al., 2011; Belgareh et al., 2001; Grandi et al., 1993; Siniossoglou et al., 2000) . The 0.5-0.75 MDa Y-shaped complex is the largest and best characterized NPC subcomplex. It contains six universally conserved Nups (Kelley et al., 2015) but can have up to ten members depending on the species (Franz et al., 2007; Loïodice et al., 2004; Rasala et al., 2006) (Figure 2 ). The Y complex is an essential scaffolding unit within the NPC, depletion of which abolishes NPC formation (Harel et al., 2003; Walther et al., 2003) . Cryo-ET analysis indicates that the Y complex comprises the majority of the nuclear and cytoplasmic ring structures, respectively (von Appen et al., 2015; Bui et al., 2013; Eibauer et al., 2015) . The Nic96 or hsNup93 complex (to avoid confusion, we generally refer to the yeast Nup nomenclature unless specified otherwise; hs for Homo sapiens) comprises another five to seven Nups and fulfills an architectural role together with the Y complex, likely localizing to the IR (Vollmer and Antonin, 2014) .
The NPC scaffold is anchored to the nuclear envelope via a small number of transmembrane-Nups, which form a functional unit (Eisenhardt et al., 2014; Onischenko et al., 2009; Stavru et al., 2006) . These proteins are grouped by topology and their presumed function as NPC anchors. They are not necessarily as stably associated with one another as the other subcomplexes. Surprisingly, the TM-Nups are not well conserved across species Neumann et al., 2010) . Proteins that form the nuclear basket on the nucleoplasmic side and, conversely, those that build the cytoplasmic filaments complete the architecture of the NPC.
Whereas this scaffold gives the NPC its particular shape, the permeability barrier itself is built from specific, disordered elements. About ten nucleoporins contain fiber-like extensions of hundreds of residues, which are characterized by up to 50 The nuclear pore complex (NPC) (human proteins, gray; EMDB code 3103; von Appen et al., 2015) coordinates a multitude of transport processes, including nuclear import and export, and viral interactions. Depicted in the cartoon, human hepatitis B virus (cyan; EMDB code 3015) and an import complex comprising importin-b, importin-a, and cargo (blue, green, and yellow; composite of PDB codes 1QGK, 1EE5, and 1K5J, respectively) are ready to traverse the NPC. Exiting the nucleus are the 60S pre-ribosomal subunit (yellow-orange; PDB code 1JJ2), an mRNP comprising the export factor TAP bound to RNA (pink and purple; PDB code 3RW6), and a protein export complex comprising exportin Cse1-Kap60 Cargo-RanGTP (green; PDB code 1WA5). interspersed phenylalanine-glycine (FG) repeats (Allen et al., 2001; Terry and Wente, 2009 ). These extensions are thought to form, in the center of the pore, a permeable, yet selective hydrogel that acts as the principal transport barrier (Bestembayeva et al., 2015; Labokha et al., 2013; Patel et al., 2007; Schmidt and Gö rlich, 2015) .
The NPC Is Formed by Dynamic and Stable Components
With a molecular assembly as large and complicated as the NPC comes the question of how strictly it can be defined regarding composition. Also, are there possibly variations in its conformational state? Taken together, these are questions about the flexibility of the NPC. The dwell time of most nucleoporins within the supra-assembly has been studied by photobleaching experiments using fluorescently labeled nucleoporins (MorchoisneBolhy et al., 2015; Rabut et al., 2004) . The results show that the scaffold nucleoporins are typically very stably associated with the NPC, with residence times of hours or days, whereas the FG and other nucleoporins are in part mobile with dwell times in the minute range. The extraordinary stability of the scaffold nucleoporins also manifests itself in the longevity of these proteins. Eight scaffold nucleoporins are among the longest lived proteins in the cell (D'Angelo et al., 2009; Savas et al., 2012; Toyama et al., 2013) with extremely slow turnover rates in postmitotic cells, measured in months or even years. Whether this slow renewal is responsible for leaky pores observed in aging cells, perhaps triggered by accumulating protein damage, is an interesting concept that warrants further attention. The observed compositional stability of the NPC scaffold points to a structure that may indeed be rather uniform.
On the other hand, microscopic techniques are not yet good enough to make a statement on the possibility of compositionally different NPCs within one cell. This level of insight would require technology to analyze an individual NPC out of the 2,000-3,000 copies found within the average human cell (Kubitscheck et al., 1996; Wild et al., 2009 ). The modular assembly of the NPC sets the stage for possibly having NPCs of varied composition (Schwartz, 2005) . Given the many different transport substrates, it is an attractive concept that specific NPCs may be tailored to transport certain cargo better than others. Cell-type-specific NPCs have already been observed and are testimony for NPCs not being identical .In a number of studies, nucleoporins exhibit cell-type-specific expression patterns (D'Angelo et al., 2012; Gomez-Cavazos and Hetzer, 2015; Lupu et al., 2008) , and excitingly, evidence for a compositional difference between NPCs within one cell is also emerging (Lowe et al., 2015) . These observations can be summarized as compositional flexibilities of the NPC, and we are only at the very beginning of understanding them in the context of cellular and organismal homeostasis. On the other hand, in the NPC there is conformational flexibility, which can be discussed more specifically. Considerable structural knowledge has been acquired in the past decade on the main architectural elements of the NPC, the Y complex, the Nic96 complex and, most recently, the Nsp1 complex ( Figure 4 ). The nucleoporins engaged in these three architectural complexes exhibit various degrees of conformational flexibility, which are likely to be important for NPC function, as discussed below. This flexibility of scaffold elements should, however, not be confused with the intrinsic disorder of the barrier-forming FG elements, which we treat separately.
The NPC Is Largely Composed of a Few Repeating Architectural Elements
The conserved core of the Y complex comprises six proteinsnamed, in most fungi, Sec13, Nup84, Nup85, Nup120, Nup133, and Nup145C (Kelley et al., 2015) ( Figure 4A ). The branched Y shape is generated by Nup84, Nup85, Nup120, Nup133, and Nup145C, whose elongated helical domains act as the main building blocks Kampmann and Blobel, 2009; Kelley et al., 2015; Stuwe et al., 2015b) . b propellers decorate the branched, helical core element (Berke et al., 2004; Kelley et al., 2015; Kim et al., 2014b; Stuwe et al., 2015b) .
Up to four species-specific nucleoporins expand the core Y-Seh1 is bound to Nup85 (Brohawn et al., 2008; Debler et al., 2008) , whereas Nup37 contacts Nup120 (Nup160 in metazoa) (Bilokapic and Schwartz, 2012b; Liu et al., 2012) . Nup43 is bound to Nup85 in metazoa (Kim et al., 2014a; Xu et al., 2015) and, although the attachment of 250 kDa ELYS is not fully understood, it likely involves Nup160 (von Appen et al., 2015; Bilokapic and Schwartz, 2012b). (Kelley et al., 2015) . (B) The topology of the trimeric Nsp1-Nup57-Nup49 complex from fungi is identical to that of the metazoan Nup62-Nup54-Nup58 complex (Chug et al., 2015; Stuwe et al., 2015a) . Both complexes are anchored to the NPC scaffold via Nic96/Nup93. Despite low sequence similarity, scaffold structures are largely conserved between evolutionarily highly diverged eukaryotic species. (C) Structure of the large scaffold Nup188 built from three segments: bluegreen and blue elements are crystal structures (Andersen et al., 2013) , whereas the gray segment is modeled. All panels are on the same scale.
The particular nature of the elongated helical elements within the Y complex warrants closer inspection. A very common architecture of such scaffolding proteins is that the helices stack in repeats of pairs or triplets to form a superhelical, solenoid structure (Kobe and Kajava, 2000) . Often, this arrangement results in continuously bendable proteins. In the Y complex, however, only Nup133 and the C-terminal 40 kDa region of Nup120 have flexibility of this type (Bilokapic and Schwartz, 2012b; Kelley et al., 2015; Whittle and Schwartz, 2009 ). The other three helical units, Nup84, Nup85, and Nup145C, share a particular fold-back architecture in which N-terminal helices bend and then latch onto a central stacked helix element (Brohawn et al., 2008 (Brohawn et al., , 2009 ). This topology is referred to as the ancestral coatomer element 1 (ACE1), as, beside the NPC, it is thus far only found in Sec16 and Sec31, two components of the COPII vesicle coat system (Miller and Schekman, 2013) . The fold-back topology likely rigidifies the helical protein and effectively eliminates the continuous bendability characteristic for helical repeats. On the other hand, ACE1 proteins contain distinct hinge regions, which allow for more localized but possibly also more pronounced bending movements. In a random-conical tilt reconstruction of the assembled Y complex, these hinge movements are well documented and match with regions mapped in a recent composite crystal structure (Kampmann and Blobel, 2009; Kelley et al., 2015) .
The b propellers within the Y complex are rather rigid elements and presumably stabilize distinct 3D arrangements. Most notable in this regard is the Sec13 b propeller, which is universally conserved and centrally located at the Y complex hub, where it appears to fix the relative positions of the bases of the Nup85 short arm and the Nup145C-Nup84-Nup133 long stalk, respectively (Kelley et al., 2015; Stuwe et al., 2015b) . The Nup133 b propeller appears to be the only one to connect flexibly to the Y complex.
The second, large architectural scaffold complex of the NPC is the Nic96 complex, which is composed of Nup53/59, Nic96, Nup157/170, Nup188, and Nup192 (Vollmer and Antonin, 2014) . Although there is structural insight into the individual components from analyses of large protein fragments, assembly structures of Nic96 components are still missing. Nup53/59 is largely unfolded, except for a central, 10 kDa dimerization domain (Handa et al., 2006) . Nic96 contains an ACE1 fold (Jeudy and Schwartz, 2007; Schrader et al., 2008) preceded by short helical elements that confer binding to Nup188, Nup192, and the Nsp1 complex (Amlacher et al., 2011; Chug et al., 2015; Stuwe et al., 2015b) . Nup157/170 has an integrated b-propeller-a-helical stack domain, distantly related to Nup133 of the Y complex (Seo et al., 2013; Whittle and Schwartz, 2009 ). Nup188 and Nup192 are structurally related and are built from a combination of HEAT-and Arm-repeats, which generate elongated, superhelical, and continuously flexible proteins (Andersen et al., 2013; Flemming et al., 2012; Sampathkumar et al., 2013; Stuwe et al., 2014) . Although Nic96 and Nup157/170 are clearly related to Y complex members, it remains an open question whether the Nic96 complex also adopts a specific 3D structure. The latest biochemical characterization of the Nic96 complex suggests that it is much more flexible than the Y complex. In fact, the different proteins appear to be connected through flexible linkers rather than rigid elements (Fischer et al., 2015; Stuwe et al., 2015b) .
With this set of architectural nucleoporins, organized in the Y and Nic96 complexes, the main NPC scaffold is generated. How rigid is it or how flexible does it need to be? Recent cryo-ET reconstructions of the human and frog NPC give some clues Eibauer et al., 2015) . As mentioned above, both reconstructed structures consistently show a three-ring architecture, which suggests that these rings contain the best ordered elements of the scaffold. For the CR, 16 copies of a truncated Y complex missing the flexible part of the long stalk were fitted reasonably well, which led the authors to propose the reticulated two-ring model . In this model two eightmembered rings of Y complexes are stacked with a slight offset. The two rings differ only slightly in diameter, and the Y complexes are arranged in a head-to-tail configuration. This model was recently confirmed by docking of an 400 kDa Y complex fragment crystal structure from yeast, implying, in addition, that the principal ring arrangement is also evolutionarily conserved (Stuwe et al., 2015b) . In the most recent 2-3 nm cryo-ET structure of the human NPC, the reticulate two-ring model was further detailed and now also includes the long stalk of the Y. In addition, the current cryo-ET map suggests that NR and CR are both organized very similarly (von Appen et al., 2015) . This is in contrast to the frog NPC structure, which shows drastic differences particularly in the NR region (Eibauer et al., 2015) . To what extent these differences are species specific, tissue specific, or, perhaps, rooted in experimental procedures will be important to determine. The fact that the addition of the transcription blocker ActinomycinD can alter the NR region of the Xenopus NPC substantially is perhaps the best indication that NPC flexibility occurs on the scaffold level (Eibauer et al., 2015) .
The IR also shows a porous, lattice-like density akin to NR and CR, but fitting of the available crystal structures of the Nic96 complex is not yet possible. Lower resolution of the IR region may be due to higher intrinsic flexibility of the component nucleoporins. The connecting densities between the rings are rather weak (von Appen et al., 2015; Eibauer et al., 2015) , indicating that these elements either have a high degree of flexibility or that they do not obey an eight-fold symmetry.
NPC Structure Is Evolutionarily Conserved
Phylogenetic analysis points to the appearance of an Ur-NPC during the transition from the first to the last common eukaryotic ancestors about 1.5-2.5 billion years ago (Devos et al., 2014; Koumandou et al., 2013) . Nucleoporins are among the most divergent proteins in the cell, yet the structural conservation across the entire eukaryotic spectrum is remarkable (Brohawn et al., 2008; Devos et al., 2004) . Diverse species have largely overlapping sets of nucleoporins (Cronshaw et al., 2002; DeGrasse et al., 2009; Rout et al., 2000; Tamura et al., 2010 ), yet there are also numerous differences that are far from understood. For instance, whole-genome duplication has generated the scaffold Nup paralog pairs Nup157/170 and Nup53/59 in S. cerevisiae. A number of organisms are lacking Nup37 and/or Nup43, with yet unknown structural or functional consequences (Neumann et al., 2010) . The important FG nucleoporin Nup145N has paralogs Nup100 and Nup116 in S. cerevisiae, whereas they are absent in the thermophilic fungus Chaetomium thermophilum (Amlacher et al., 2011) . S. pombe has paralogs for Nup133 as well as for Nic96 (Asakawa et al., 2014) . C. elegans lacks a Nup188 homolog . The list continues.
One way of thinking about these differences is to speculate that the basic NPC structure and function are maintained, and that these specific differences modulate the NPC in distinct ways that shape or are dictated by the particular lifestyle of the individual species. Being a modular assembly adds another layer of complexity because species-specific Nups might only function in a subset of NPCs.
Taken together, the NPC is clearly not a monolithic entity. Although this is not a new concept, variabilities within NPCs can now be specified and investigated in a much more precise manner. Heterogeneity manifests itself in compositional and conformational flexibility. It is now important to consider the time scales and spatial parameters of these changes in order to draw reasonable functional conclusions from them.
Forward from Architecture to Function
Having outlined key concepts in NPC architecture, we now turn to the next questions that need to be addressed for understanding how this conserved, largely stable structure maintains dynamic communication between nucleus and cytoplasm. Should the NPC Scaffold Need to Be Flexible? According to cryo-ET studies Eibauer et al., 2015) , the non-structured, central opening of the NPC measures 40 nm in diameter, consistent with earlier measurements of the maximal cargo size (Panté and Kann, 2002) . Typical cargo is substantially smaller than this. For protein import, a complex between an NTR and the import cargo forms before passing the central channel. For protein export, NTR, cargo, and RanGTP form a ternary transport complex. A typical export complex measures about 12 nm in diameter. Thus, the central channel is wide enough to accommodate several cargo-NTR complexes passing through at the same time. This physical analysis is consistent with measurements of NPC transport rates, which suggest that multiple transport events occur simultaneously (Ribbeck and Gö rlich, 2001) . Even for large cargo, such as pre-40S and pre-60S (25 nm diameter) ribosomal subunits on their journey to the cytoplasm, the central channel is wide enough to not necessitate dilation of the main scaffold. With the largest known cargo, viral capsids of up to 40 nm diameter, transport may proceed single file. Viral entry into the nucleus is not well understood on a molecular level, and different viruses likely interact with the NPC in very different ways (Fay and Panté , 2015; Matreyek and Engelman, 2013) . Whether or not flexibility of the NPC scaffold might be important for viral entry is unclear, as this is still a largely underdeveloped research area.
A different scenario presents itself for proteins destined for the INM. The majority of these membrane proteins are cotranslationally inserted into the endoplasmic reticulum and must reach the INM by passing the NPC somehow. Conceptually, this could happen either through a lateral opening of the NPC, providing access to the central channel, or through separate, peripheral channels adjacent to the pore membrane. Peripheral channels of sufficient size are observed in tomographic NPC structures (Maimon et al., 2012) . There are two main arguments for INM targeting to not involve the central channel. First, a lateral opening of the NPC scaffold would not be a simple maneuver. Considering that various scaffold nucleoporins would have to be engaged and coordinated, such a scenario seems rather unlikely. Second, the nucleoplasmic domain of most INM proteins has a size limit of 60 kDa or 5 nm in diameter, consistent with passage through constricted, peripheral channels (Soullam and Worman, 1995) . Recent studies of INM transport further support a model in which membrane proteins, of appropriate size, can diffuse between the endoplasmic reticulum (ER) and the contiguous INM but will not remain at the INM unless they contain some sort of retention signal (diffusion-retention model). This process is independent of and separate from classic NLS-mediated transport (Boni et al., 2015; . It was shown in a reconstitution assay that Nup188 has a direct influence on the passage of INM proteins through the NPC (Theerthagiri et al., 2010) . Recent cryo-ET studies are all consistent with constricted peripheral channels, although their biochemical characteristics are largely unclear. Flexibility of the NPC scaffold might be a factor in regulating proteins destined for the INM, for example by sampling certain biophysical properties; however this is very much an area of active research. Although there is growing evidence for the diffusion-retention model, it should be mentioned that there is also evidence for some INM proteins to be transported in a strictly NTR-mediated manner, presumably through the central channel (King et al., 2006; Kralt et al., 2015; Meinema et al., 2011) . Given that a lateral opening of the NPC is unlikely, as discussed above, the easiest way to explain targeting of these INM proteins is that they are inserted into the INM in a posttranslational manner.
Where flexibility of the NPC scaffold is most certainly important is during NPC assembly. While this process is only beginning to be understood on a molecular level, the task of coaxing up to a hundred subcomplexes into the confines of a membrane pore is challenging (Hetzer and Wente, 2009; Rothballer and Kutay, 2013) . In the simpler membrane-coating systems involved in vesicular trafficking, such flexibility is primarily seen in the generation of a protein coat on a membrane that rapidly changes from being flat to being spherical. The lattice-like coats, built from edges and vertices, have to be conformationally flexible to adapt to the evolving membrane shape (Kirchhausen et al., 2014; Zanetti et al., 2012) . For NPC assembly, it is not yet known whether scaffold nups are involved in sculpting the membrane or whether they are recruited at a later stage, simply to stabilize the highly curved pore membrane. Pores can be assembled post-mitotically and during interphase. It is unclear at this point whether there are differences between the two (Doucet and Hetzer, 2010; Schooley et al., 2012) . Regardless, assembling so many proteins into a defined structure is a logistical challenge, although a temporal order exists and has been studied (Dultz and Ellenberg, 2010) . Because of the reticulate nature of the NPC, as seen by cryo-ET reconstructions, it is easily conceivable how the bending and hinging of scaffold Nups may be important to build a fully functional NPC.
How Does the NPC Achieve High Cargo Selectivity while Maintaining Very Fast Transport Rates? Although the ways in which flexibility aids the overall architecture of the channel scaffold are being worked out, it is known to be vitally important for cargo transport. The central channel is filled with disordered and highly flexible, fiber-like FG-repeat-containing extensions of 10 nucleoporins (Cronshaw et al., 2002; Denning et al., 2003; Patel et al., 2007; Rout et al., 2000) . These flexible extensions form the permeability barrier that keeps the nuclear contents from freely exchanging with the cytoplasm. The barrier confers to the transport process distinct properties that allow selective transport. First, it allows diffusion-controlled transport of molecules up to 40 kDa in size, equivalent to 5 nm. Second, larger cargo are known to traverse the NPC in a nuclear transport receptor (NTR)-mediated manner. NTRs recognize cargo through nuclear localization signals (NLSs) or nuclear export sequences (NESs) and have an intrinsic affinity to FG repeats (Cook and Conti, 2010) . Therefore, NTRs may have to ''melt'' into the FG network to access the central channel (Hü lsmann et al., 2012; Schmidt and Gö rlich, 2015) . Finally, it is important that the NTR-FG interactions are weak and transient, such that the cargo moves rapidly and does not get stuck in the pore. This property has recently been demonstrated in two entirely independent approaches (Hough et al., 2015; Milles et al., 2015) .
Several models have been proposed for the physical basis of how the FG repeats meet these requirements. One general concept for the NPC barrier is that the FG-repeat-containing extensions form an interconnected hydrogel in which the FG elements form hydrophobic contacts in an otherwise hydrophilic environment (Ribbeck and Gö rlich, 2001 ). Polymer ''brushes'' (Lim et al., 2007) and entropic barriers (Rout et al., 2003; Hough et al., 2015) have also been put forward as models to describe the selective filter. As biophysical techniques advance, these models can be revisited with new data to test the distinctions between them.
One key question is whether, despite the inherent flexibility, there is a distinct organization of the FG network? FG-repeat regions are not equal but can be distinguished by various factors, i.e., surrounding sequence, cohesiveness, charge, O-GlcNac modification, anchoring (grafting) distance, etc. (Ader et al., 2010; Denning et al., 2003; Labokha et al., 2013; Peleg and Lim, 2010) . Further, we can appreciate that certain FG regions are more important for distinct properties at both the functional and physiological levels, such as transport or viability, than others (Hü lsmann et al., 2012; Strawn et al., 2004) . From studies on the critically important Nsp1 complex, it is now evident that there is a distinct organization within the FG network. The three central FG Nups, Nsp1, Nup57, and Nup49, form a 1:1:1 complex in solution (Ulrich et al., 2014) and are tied together by a characteristic trimeric coiled-coil element, which specifically anchors this complex via Nic96 to the NPC scaffold. This particular arrangement is conserved, as experimentally confirmed by the observation of very similar topologies in the fungal and the metazoan complex crystal structures (Chug et al., 2015; Stuwe et al., 2015a) . These data fundamentally challenge the concept of a pore-opening mechanism facilitated by presumed-to-be promiscuously interacting elements of the Nsp1 complex, as it has been originally proposed (Melcá k et al., 2007) and then subsequently further detailed (Koh and Blobel, 2015; Solmaz et al., 2011) . Furthermore, the latest data on the Nsp1 complex also suggest that the FG network warrants examination on a more detailed level, possibly revealing transport functionalities that may have so far been overlooked. Do Nups and NTRs Have Overlapping Functions? Although we have so far discussed flexibility of the NPC scaffold and of the FG hydrogel as separate topics and with separate functional consequences, the reality may be more complicated. As discussed above, FG repeats predominantly bind to each other and to NTRs. However, several scaffold Nups have also been reported to bind FG repeats, in particular Nup188 and Nup192, which, furthermore, are also structurally related to NTRs (Andersen et al., 2013; Sampathkumar et al., 2013; Schrader et al., 2008; Stuwe et al., 2014) . Therefore, the idea has been raised that certain scaffold Nups and NTRs may have overlapping functions (Devos et al., 2006) . FG repeats could therefore possibly be involved in generating the NPC scaffold. If true, this would likely create flexible elements within the NPC. Vice versa, NTRs might potentially moonlight as scaffolding units. In support of this idea, several NTRs associate with the NPC even when not engaged in cargo transport. Transport processes are modulated by these ''idling'' NTRs, but mechanistically this is not understood (Lowe et al., 2015) . These NTRs may simply crowd the transport channel, or they may modulate the FG connectivity or, indeed, influence the NPC scaffold itself.
Perspective
Because the NPC is the primary conduit for exchange of information between the nucleus and the cytoplasm, developing a detailed understanding of how it is built and functions is of paramount importance. Substantial progress has been made in understanding the structure and function of the NPC over the past decades. The initial concept of a monolithic structure has been challenged and variations within the pore assembly and components have been described in increasing detail over the years. At this point, it is obvious that the NPC is a dynamic assembly, showing clear conformational flexibility with tantalizing hints emerging of compositional flexibility as well. Flexibility of the central FG hydrogel is obligatory, but why scaffold nucleoporins would need to be flexible still awaits a detailed and convincing molecular understanding. To answer these open questions will require the concerted effort of scientists with diverse backgrounds, approaches, and tools. If the recent past serves as an indicator, exciting times should be ahead for years to come. Amlacher, S., Sarges, P., Flemming, D., van Noort, V., Kunze, R., Devos, D.P., Arumugam, M., Bork, P., and Hurt, E. (2011) . Insight into structure and assembly of the nuclear pore complex by utilizing the genome of a eukaryotic thermophile. Cell 146, 277-289.
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